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ABSTRACT
Sahadat, Md Nazmus. MS. The University of Memphis. 05/2014. Thesis title:
Investigation of Electrical Stimuli for Controlled Drug Release from Chitosan
DDS. Major Professor: Dr. Bashir I. Morshed.

Controlled drug release is crucial for targeted implantable smart drug
delivery system (DDS). In this work, simulations and experiments are conducted
to demonstrate drug release mechanism using electrical stimulus. For dyed
chitosan beads (diameter 500µm to 900µm), a surface acoustic resonator (SAW)
chip cavity which has interdigited electrode on quartz surface was used to
provide electrical stimulus. Printed circuit board (PCB) and sputter coated
interdigited electrodes were used to provide electrical stimulus on the chitosan
film. Two simulation models (SAW resonator and chitosan film) are developed to
explain the physical phenomena of drug release using finite element method
(FEM). It is found that drug delivery is nonlinearly increased with applied
electric field to the electrodes. The AC electro-kinetic (ACEK) force generated
from electrical excitation is a factor influencing this phenomenon. Temperature
rise was not significant as demonstrated in both simulations and experiments.
Different control and stimulus experiments were performed to show the concepts
of dye release from micro beads using electrical stimuli. Dye release has been
identified visually for these experiments. Chitosan films loaded with green food
coloring were also fabricated to demonstrate the drug release. Experiments were
conducted with different electric fields and frequencies on chitosan film. The
spectral absorbance of treated solution after the experiment is measured using a
spectrophotometer to quantify the dye release. Verification of the dye release
with increased applied voltage was statistically proven with 99% level of
significance. This study has shown that application of electric field can be a
potential candidate for controlled DDS using both chitosan micro-beads/films.
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Chapter 1
INTRODUCTION
1.1

Background
Chitosan basically derived from chitin which is the second most

ubiquitous natural polysacchride after cellulose on the earth [1]. Chitin is white,
hard, inelastic exoskeletons of crustaceans. It is composed of β(1 → 4)-linked
2-acetamido-2-deoxy-β-D-glucose [2]. It is structurally same to cellulose but has
acetamide group at C-2 positions. Wastage of this natural resource causes a
severe surface pollution particularly in coastal area [1]. Whereas production of
chitosan from chitin is an effective solution in this regard because of it’s multiple
commercial, biomedical and drug delivery applications.
According to Dutta et al., chitosan can be made by following 4 steps: i)
Deproteinization ii) Demineralization iii) Decoloration iv) Deacetylation. First
crustacean shells need to be reduced by size. The protein separation is pursued
with strong spill out NaOH. Demineralization is conducted by washing using
spill out HCl. Dewatering and decoloration are to be done to get the chitin.
Finally deacetylation is done using NaOH. Washing and dewatering is necessary
to get the final chitosan [1]. This chitosan is only soluble in acidic aqueous
solutions and selective alkylidinations and acylations solution [3–5].
1.2

Chitosan properties
Chitosan has many applications for it’s unique chemical, mechanical and

biological material properties. Different chitosan properties are given in the
following Table 1.1
1.3

Application of chitosan
Different applications of chitosan are discussed in the following section:

1.3.1

Industrial applications
Chitosan is widely used in cosmetic industry because of it’s material

properties. For example, chitosan and hair have complementary electrical
charges: positive and negative, respectively. Because of this electrical charges,
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Table 1.1: Different chitosan properties [1]
Chemical Properties
Linear polymine
Reactive amino group
Reactive hydroxyl groups also available
Chelates many transitional metal ions

Biological Properties
Biocompatible
Binds to mammalian cells aggressively
HemostaticHemostatic
Fungistatic
Spermicidal
Antitumor
Anticholesteremic
Accelerates bone formation
Central nervous system depressant
Immunoadjuvant

chitosan is used for hair care to increase the softness, smoothness and mechanical
strength [1]. Because of chitosan’s high molecular weight, it can’t penetrate
through the skin. So it is used for skin care as moisturizer. Both chitin and
chitosan are used as toothpaste, mouthwash and chewing gum [1]. They freshen
the breath and prevent the formation of plaque and tooth decay [1, 6]. Chitin,
chitosan and other chitinous membrane can be used as osmosis, reverse osmosis,
micro-filtration, desalination and dialysis. Potable water can also be purified by
beds of flaked Chitosan [7]. It can also strengthen recycled paper and increase
the environmental friendliness of packaging and other product. Hydroxymethyl
Chitin and other water soluble derivatives are useful in paper making [2]. In
textile industry, chitin can be used as printing and finishing preparation
preparations [1]. In food industry, chitosan is used to solve the flavour, color and
shelf-life problems [7]. Chitin treated seeds have both growth acceleration and
growth enhancement effect [7]. In color photography, chitosan is used as a fixing
agent for acid dyes. It also can act to improve diffusion which is very important
step in photo development process [8]. It also has application in
chromatographic separation and solid state batteries [9].
1.3.2

Biomedical application
Chitosan has lots of biomedical application specially in tissue engineering,

wound healing/dressing, burn treatment, artificial skin and ophthalmology field.
2

Chitosan membranes have been proposed as artificial kidney membrane because
of it’s permeability and tensile strength [10]. Membrane prepared from chitin
and it’s derivatives improved dialysis properties [11].
In tissue engineering, chitosan has expanding potential applications. It
can be easily used as porous scaffolding, films and beads [12].
Chitosan-thiogcyolic acid (chitosan-TGA) conjugate is a promising candidate as
a scaffolding material in tissue engineering [13].
Chitosan has a very acceleratory effect on wound healing/dressing
process. Research has shown that regenerated chitosan fibre, sponges and films
can increase wound healing process by 30% [14]. It is also a promising candidate
for burn treatment application. Chitosan can form tough, water-absorbent,
bicompatible films. These films can be formed directly on the burn by
application of an aqueous solution of chitosan acetate [14]. Chitosan also has
application in artificial skin fabrication. Chitosan polysaccharides have
structural characteristic similar to glycosamino glycans which can be considered
for developing substratum for skin replacement [15–17]. Chitosan has all the
required characteristics (optical clarity, mechanical stability, sufficient optical
correction, gas permeability, wettability and immunologically compatibility) of
an ideal contact lens [1]. Antimicrobial and wound healing properties with
excellent film forming ability make chitosan suitable for ocular bandage lens [18].
1.3.3

Drug delivery system (DDS)
Over years research effort has been directed towards safe and efficient

targeted controlled drug delivery system (DDS). The application of chitosan for
this kind of drug delivery has become very popular over the past decade. Many
researchers are focusing particularly on chitosan based drug delivery because of
it’s interesting material properties for drug delivery system [19–23].
When sustained drug release cannot be provided by making use of a
simple drug dissolution process, by diffusion, by erosion, by membrane control,
or by osmotic systems, retardation mediated by ionic interactions is often the
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ultimate ratio [23]. A controlled release can be achieved for cationic drugs by
using anionic polymeric excipients such as polyacrylates, sodium carboxymethyl
cellulose, or alginate. In case of anionic drugs, however, chitosan might be the
only choice [23]. Bhise et al. for example has designed sustained release systems
for the anionic drug naproxen using chitosan as drug carrier matrix [24]. Using
polyanionic drugs, the interactions between chitosan and the therapeutic agent
are more pronounced, and based on an ionic cross-linking in addition, even stable
complexes are formed from which the drug can be released even over a more
prolonged time period. Sun et al., for instance, designed enoxaparin/chitosan
nanoparticulate delivery systems, providing very stable complexes that led to a
significantly improved drug uptake [25]. In addition, chitosan can be
homogenized with anionic polymeric excipient such as polyacrylates, hyaluronic
acid, alginate, pectin, or carrageenan, resulting in comparatively stable
complexes of high density. Mainly based on diffusion and erosion processes,
incorporated drugs are released in a sustained manner from such complexes [26].
Alternative to anionic polymers, multivalent inorganic anions such as
tripolyphosphate or sulfate can be used in order to achieve the same effect [27].
Chitosan is biocompatible with living tissues since it does not cause
allergic reactions and rejection [19]. It breaks down slowly to biocompatible
product (amino sugars) which are completely absorbed by the human body [28].
Chitosan degrades under the action of liposome, it is nontoxic and easily
removable from the organism without causing concurrent side reactions. It
possesses antimicrobial property and absorbs toxic metals like mercury,
cadmium, lead, etc. In addition, it has good adhesion, coagulation ability, and
immunostimulating activity [19].
Chitosan has multiple applications in drug delivery system. In 2004,
Agnihotri et al. has mentioned about different techniques of preparing chitosan,
loading drug and controlled release. This type of DDS has application in colon
targeted, cancer therapy, gene , topical and ocular delivery system [19]. Vivek et
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al. has shown chitosan based DDS for breast cancer therapy application [29]. In
2001, Illum et al. has discussed about different chitosan based influenza,
pertussis, diptheria vaccines applications [20]. Kang et al. has mentioned about
chitosan microspheres for nasal delivery [21]. In 2003, Illum et al. has given an
idea to deliver chitosan based drug to brain tissue through olfactory using nasal
path [22]. Ribeiro et al. created a pectin coated chitosan beads for colon
targeted drug delivery. It can release drug based upon pH change [30]. In 2014,
Zhang et al. has created a cytocompatible injectable pH and temperature
controlled DDS [31]. Luo et al. has discussed about nano/micro particle,
hydrogel beads, layer by layer film based chitosan DDS system [32]. Kusrini et
al. has modified chitosan using samarium to improve drug release [33].
Bernkop-Schnrch et al. has discussed about the cationic nature of chitosan for
controlled drug delivery applications. They have also mentioned different
chitosan based DDS over the past 20 years [23].
1.4

Drug release mechanism
Different kind of stimuli are discussed in many literatures. Typical stimuli

are temperature [34–37], pH [38, 39], electric field [40], light [41, 42] and magnetic
field [43]. In the following subsections electrical and other stimulus mechanism
will be discussed.
1.4.1

Electrical stimulus release
Electric field as an external stimulus has an advantage of precise control

in terms of amplitude of current, voltage, duration of pulses and also duration
between the pulses. Many studies describe the use of electric current in vivo, in
the form of iontophoresis and electroporation, in the field of dermal and
transdermal drug delivery [44–46]. Safe limit of electric field has also been
determined for this type of applications. For human drug delivery, for instance
biocompatible carrier can be implanted subcutaneously in the arm. When drug
delivery is desired, an electro-conductive patch is applied on to the skin. Electric
field in the patch stimulates the drug carrier to release the drug. Since the
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implant is biodegradable, it does not need additional surgery to remove it. Many
studies discussed about the electro-responsive hydrogel as a carrier. These
hydrogels usually deswell or bend upon application of perpendicular electric field
[47]. The change of these types of hydrogels might differ upon experimental setup
[48]. This study by S. Murdan has also explained different mechanisms of drug
release using electrical excitation from hydrogel. The drug release by electric
stimulation can be explained by gel deswelling, swelling and erosion phenomena.
For electro-induced gel deswelling, water is pumped out from the gel upon
application of electric field. Anionic gels shrink at the anode [49] and cationic
gels shrink at the cathode [50]. This gel deswelling increases nonlinearly with the
applied electric field. The deswelling saturates at application of higher voltages.
Murdan et al. has mentioned about the high resistivity of water flow at large
voltages [48]. Some other studies have shown that deswelling depend upon the
amount of charge transportation through the gel [51, 52]. Sultani et al. has
shown that application of pulse electric field (PEF) will swell and deswell with
time [53]. This swelling and deswelling behaviour also depends upon the solution
of the experiment. It responds differently in terms of deswelling and swelling
with conductive and nonconductive solvent [54]. Three main mechanisms of
electro-induced gel deswelling have been suggested. They are: (i) the
establishment of a stress gradient in the gel, (ii) changes in local pH around the
electrodes and (iii) electroosmosis of water coupled to electrophoresis.
The electrically-induced anisotropic gel deswelling was first explained by
Tanaka et al. The suggested that the electric field produces a force on both the
mobile counterions and the immobile charged groups of the gels polymeric
network. For example, in partially hydrolysed polyacrylamide gels fixed to one of
the electrodes, the mobile H + ions migrate towards the cathode while the
negatively charged immobile acrylate groups in the polymer network are
attracted towards the anode. The anionic polymeric gel network is pulled
towards the anode. The pull creates a unequal stress along the gel axis; the
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stress being greatest at the anode and smallest at the cathode. This stress
gradient is thought to contribute to the anisotropic gel deformation [38].
Electrically induced changes of the local pH at the electrodes caused by
the hydrolysis suggested as a mechanism of anisotropic gel deswelling [55].
Application of electric field in aqueous solution will lower pH at the anode and
increase pH at the cathode as the water oxidize as the anode. Several literature
has measured pH locally to prove this concepts [56, 57].
Electroosmosis of water induced by electric field is another mechanism
explained by several literatures [55, 58, 59]. The mobile hydrated counterions in
the gel network migrate towards the oppositely charged electrode, hence
dragging the water with them upon applied electrical stimulation. Bulk fluid
flow in the direction of counterion movement when an electric potential
difference is applied across a porous membrane containing fixed charges is well
established and thought to be due to the electrical volume force on the ion
atmosphere and the induced osmotic pressure effect [60–62].
Gel swelling is also been reported instead of deswelling upon application
of electrical stimulation. For this kind of experiments, gel was placed to a fixed
position. Gel swelled or shrank depending upon the concentration of ion in the
gel [63]. It is also observed that swollen part started to shrink when a fixed
current is applied for long time [64]. This phenomena is very rarely found in the
literature and still needs more work to establish it.
Kwon et al. has reported a different type of mechanism. They prepared
polyelectrolyte gels which erode, rather than deswell when exposed to an electric
field [65, 66]. Like gel deswelling, the degree of gel erosion, measured by the
release of the anionic polymer (heparin) was dependent on the magnitude of the
applied electric field, but was not linearly proportional to it.
Thus these are the different mechanisms of drug release upon application
of electrical stimuli so far. Most of this study are based upon hydrogel whereas
in this work, chitosan films and micro beads are used as the drug carrier. An AC
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electrokinetic model based drug release mechanism is explained in this thesis.
This hypothesis is also validated by experimental results and statistical analysis.
1.4.2

Other stimulus release
Temperature stimulus needs to be controlled from outside of the body

unless it is hyperthermia therapy within narrow limits. Thermo-responsive
polymers are used in this type of DDS. Volume phase transition might occur
based upon environmental temperature change. The phase transitions in terms
of the biologically relevant intermolecular forces can rely on several different
interactions [67]. These interactions are: i) Van-der-Waals interaction:
Van-der-Waals interaction causes a phase transition in hydrophilic gels in mixed
solvents, such as an acrylamide gel in an acetonewater mixture. The non-polar
solvent is needed to decrease the dieletric constant of the solvent. ii)
Hydrophobic interaction: hydrophobic gels, such as N-isopropylacrylamide
(NIPAM) gels, undergo a phase transition in pure water, from a swollen state at
low temperature to a collapsed state at high temperature. iii) Hydrogen bonding
with change in ionic interaction: gels with cooperative hydrogen bonding, such
as an interpenetrating polymer network (IPN) of poly(acrylic acid) and
poly(acrylamide), undergo a phase transition in pure water (the swollen state at
high temperatures). The repulsive ionic interaction determines the transition
temperature and the volume change at the transition [68]. iv) Attractive ionic
interaction: the attractive ionic interaction is responsible for the pH-driven
phase transition, such as in acrylamide-sodium
acrylate/methacrylamidopropyltrimethyl ammonium chloride gels [67]. This type
of temperature-responsive polymer shows volume phase transition at a certain
temperature. They suddenly change their solvation state. The polymer which
become insoluble under heating has a lower critical solution temperature
(LCST). Systems, which become soluble upon heating, have an upper critical
solution temperature(UCST). The change in the hydration state, which causes
the volume phase transition, reflects competing hydrogen bonding properties,
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Table 1.2: pH in various tissues and cellular compartments [69, 73, 74]
Tissue/cellular compartment
Blood
Stomach
Duodenum
Colon
Early endosome
Late endosome
Lysosome
Golgi
Tumour, extracellular

pH
7.35 − 7.45
1.0 − 3.0
4.8 − 8.2
7.0 − 7.5
6.0 − 6.5
5.0 − 6.0
4.5 − 5.0
6.4
7.2 − 6.5

where intra- and intermolecular hydrogen bonding of the polymer molecules are
favoured compared to a solubilisation by water . The thermo-responsive
behaviour also depends on the solvent interaction with the polymer and the
hydrophilic/hydrophobic balance within the polymer molecules, it is not
surprising that additives to polymer/solvent system can influence the position of
the volume phase transition [67]. For example adding salt solution might change
the position of volume phase transition. This transition temperature can be
shifted to a large extent or even it can disappear.
pH changes within the body can be used directly to targeted tissue or
compartment based upon the requirements. pH usually changes from acidic in
stomach (pH = 2) to basic in the intestine (pH = 5-8) [69]. So these factors need
to be considered in case of oral drug delivery. pH also changes within different
tissue. For example chronic wounds have a pH value between 5.4 and 7.4 [70].
Cancer tissues are reported to have an acidic pH [71, 72]. Some literatures have
mentioned different pH in different cellular compartments [73, 74]. pH in various
tissues and compartments are summarized in following Table 1.2. Ionizable
polymers with a pKa value between 3 and 10 are candidates for pH-responsive
systems [75]. Weak acids and bases like carboxylic acids, phosporic acid and
amines, respectively, exhibit a change in the ionization state upon variation of
the pH. This leads to a conformational change for the soluble polymers and a
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change in the swelling behaviour of the hydrogels when these ionizable groups are
linked to the polymer structure [67]. The pH-responsive swelling and collapsing
behaviour has been used to induce controlled release of model compounds like
caffeine [76], drugs like indomethacin [77], or cationic proteins like lysozome.
1.5

Research objectives
The main objective of this research is to find a novel smart drug delivery

system that can have controlled mechanism to release drug from external
stimulation. Electrical stimulus will be used for this investigation because of
flexible controllability. Simulation model will be developed to explain the
mechanism using physical laws. Experiments will be done to correlate the
mechanism explained in the simulation model. Statistical analysis will also be
provided to establish the results from the experiments. A more fundamental
evaluation will also be pursued using in vivo pro-clinical chitosan drug carrier
models.
1.6

Key results
The key results from this work are listed below:
• The amount of drug release is a function of applied electrical pulse
amplitude, frequency and duration. The amount of drug release increases
with the applied electric field amplitude and duration. Release decreases
with the frequency of the electrical stimulation. These hypothesis is
verified by finite element simulation and experimental results.
• Temperature rise during the stimulation is expected to be very low. This
result is verified by both the simulation and experiment. It is very
important for implanted devices. However, we note that the simulation was
performed in pure deionized water, and temperature rise might increase
with physiological solution.
• Interdigited electrodes were successfully fabricated on chitosan film using
sputter coating technique.
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1.7

Novelty
This investigation will partially explain the controlled drug release

method by physical law as a function of electrical pulse amplitude and frequency.
Controlled drug delivery by electrical stimulation using chitosan drug carrier is
also a novel idea in drug delivery system.
1.8
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• A. Mohapatra, M. N. Sahadat, G. McGraw, A. P. Hoban, B. I. Morshed,
W. O. Haggard, J. D. Bumgardner, J. A. Jennings, S. R. Misra,
Stimuli-Controlled Drug Delivery System Development with Implantable
Biocompatible Chitosan Microbeads, 4th IAJC/ISAM Joint International
Conference, (Accepted), Sept. 25-27, FL, 2014.
• M. N. Sahadat, A. P. Hoban, B. I. Morshed, W. O. Haggard, Investigation
of Electrical Stimulus on Chitosan Film Based DDS, The 36th Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC’14), (Submitted), Aug. 26-30, IL, 2014.

1.9

Thesis organization
This thesis is organized in 5 different Chapters. Chapter 1 includes the

background of chitosan structure, it’s properties, application in industry and
drug delivery system. In this Chapter different drug release mechanism is also
discussed. Chapter 2 discusses about 3 physical laws that are used to build finite
element model for simulation. Chapter 3 discusses about how the simulation
model is built for SAW resonator and chitosan system. It also includes the
results of the both simulations system. Chapter 4 includes the different
experimental procedure and results. Finally Chapter 5 summarizes the key
finding of this research. Appendix I and II include all the necessary parameters
and simulation steps for finite element modeling.
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Chapter 2
THEORETICAL BACKGROUND
AC electrokinetic forces can generate swirling patterns in the fluid and
thereby enhance the transport of the analyte to the reaction surface [78]. The
AC electrokinetic forces arise when the fluid absorbs energy from an applied
nonuniform AC electric field by means of Joule heating. The temperature
increase changes the fluid’s conductivity and permittivity. Consequently the fluid
experiences an effective or time-averaged volume force, which depends on the
conductivity and permittivity gradients and on the field intensity. By changing
the shape of the electric field, it is possible to alter this force which will cause
the velocity change to the fluid. This velocity change has an effect on the
diffusion of drug from chitosan film. By altering this force, we will be able to
alter the ions from the reaction surface. That will control the swelling and
deswelling pattern of the chitosan micro beads/ film. It can also create breakage
on the film to release drug [79].
Three different physics are used to explain this phenomenon which will be
covered in the following sections:
2.1

Fluid flow
Initially, fluid inside of the petri dish assumed to be stationary before

applying any stimulus. After applying stimulus it will start to move depending
upon the volume force generated from electrical excitation. This fluid flow in the
petri dish can be explained using Navier-Stokes equations (2.1) and (2.2)

ρ

∂u
− η∇2 u + ρu.∇u + ∇p = F
∂t
∇.u = 0

(2.1)

(2.2)

where u denotes the velocity, ρ is the density, η is the dynamic viscosity, and p
refers to the pressure. At steady state, the first time-dependent term disappears.
The volume force F appearing in the equation is the electrothermal force fE
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given by (2.3). Volume force contains two different forces. The first part of (2.3)
is Coulomb’s force and the second part due to dielectric force. This force can be
controlled by changing both electric field and frequency of the applied stimuli.
From the equation it can be observed that volume force can be increased by
applying high amplitude low frequency electric field. But in certain frequency
ranges either Coulomb force or the dielectric forces dominate. The transition
from dominance by one force to dominance by the other occurs at a frequency at
which the magnitude of the Coulomb force becomes equal to the magnitude of
the dielectric force.

fE = −0.5[(

E
∇σ ∇
+
).E
+ 0.5|E|2 ∇
σ

1 + (ωτ )2

(2.3)

where σ is the conductivity,  = r 0 equals the fluid permittivity, ω represents
the electric field’s angular frequency, and τ = /σ gives the fluid
charge-relaxation time. The field vector E contains the amplitude and
orientation of the AC electric field but not its instantaneous value.
As a result of Joule heating,  and σ are temperature dependent. We can
rewrite the gradients of these entities using chain differentiation, which yields
Equation (2.4) and (2.4)
∇ = (

∂
)∇T
∂T

(2.4)

∇σ = (

∂σ
)∇T
∂T

(2.5)

where T is the fluid temperature. For water

(

∂
)∇T = −0.004K −1
∂T

(2.6)

∂σ
)∇T = −0.02K −1
∂T

(2.7)

(
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Thus we can rewrite the electro-thermal force (2.3) as equation (2.8)

fE = −0.5((0.016K −1 )∇T.E

2.2

E
+ 0.5|E|2 (−0.004K −1 ∇T ))
1 + (ωτ )2

(2.8)

Electric current
Electro-thermal force is a time-averaged entity. So we can solve the static

electric field that corresponds to the root mean square (rms) value of the AC
field. The rms value of the AC voltage is Vrms. Here interdigited electrodes are
places inside of the solution. So the method of current flow will be ohmic. So the
voltage can be solved by using Ohm’s law. Electric field can be solved just by
taking gradient of the voltage from the solution. This problem can be expressed
by following Equations (2.9-2.11).

− ∇·J = Qj

(2.9)

E = −∇V

(2.10)

J = −σE + Je

(2.11)

and the Ohm’s law

2.3

Heat transfer
In this system electrical current problem can be solved by assuming

stationary. This electric field is the stimulus to the system which will increase
the temperature. Temperature also changes with the fluid flow. So it is
necessary to solve both the fluid flow and temperature problem at the same step
in time domain. Main source of this temperature increase is coming from the
power generated by current flow. The power that a unit volume of fluid absorbs
through Joule heating can be expressed by following Equation (2.12).

Q = σ|E|2
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(2.12)

where E is the rms value of the electric field and σ is the fluid’s conductivity.
The heat source, Q, appears in the time domain heat balance equation (2.13)

ρCp

∂T
+ ∇.(−k∇T ) = Q − ρCp u.∇T
∂t

(2.13)

where Cp denotes the heat capacity and k is the fluid’s thermal conductivity.
So the whole problem turns in to 3 physics which will be solved by two
steps. First electric current problem needs to be solved assuming stationary.
Secondly, Fluid flow and the heat flow problems will be solve in time domain.
Solution from the first step needs to be plugged in to second step to get the final
solution.
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Chapter 3
MODELING
3.1

Fluid flow
The fluid is stable at the beginning of the experiment. Volume force

generated from electric excitation will move the fluid. This fluid flow has been
explained using Navier-Stokes equations (2.1) and (2.2). These equations are
used as the mathematical model for simulation.
Only domain 2 in the model is assumed as fluid (water). The remaining
domains of the model are excluded for fluid flow study. The following Table (3.1)
gives the properties of the fluid for the models.
To solve the finite element problems it is necessary to define the boundary
conditions. For this physics left side of the cavity is assumed as the natural fluid
inflow. Right side of the cavity is assumed as a natural outflow from the fluid
cavity. Top and the bottom walls are assumed to have no slip. The volume force
to the fluid is obtained by solving equation 2.8. The Table 3.2 contains the
boundary conditions for the incompressible Navier-Stokes equations.
3.2

Electric current
Stationary conditions are assumed to solve the electric current problem

using equations 2.9, 2.10 and 2.11. Here temperature rise is a time average
quantity, so it is sufficient to solve the rms electric field. The electrodes are
inside of the fluid cavity so there will be Ohmic current flow. Ohm’s law is used
to solve electric current problem. For simulation both solid and liquid domains
are considered under this physics. Top and bottom parts of the model system
Table 3.1: Input data for the model
NAME
ρ
η
σ
r
ω

VALUE
DESCRIPTION
3
1000kg/m
Density of the water
1.08X10−3 kg/(m.s)
Dynamic viscosity of water
5.75X10−2 S/m
Conductivity of water
80.2
Relative permittivity of water
2π.1000rad/s
Angular frequency of the AC electric field
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Table 3.2: Boundary conditions for laminar flow
BOUNDARY
CONDITION
Left Cavity
Normal inflow velocity
Right Cavity
Normal outflow velocity
Top, Bottom Cavity
Wall (No slip)

Table 3.3: Boundary condition to solve Electrostatics problem
BOUNDARY
Left Electrode
Right Electrode
Other Boundaries

CONDITION
Electric potential V = Vrms /2
Electric potential V = −Vrms /2
Electric insulation

are assumed as electric insulation. At the beginning of the simulation zero
voltage is assumed. Three current conservation laws are applied for different
material. Two Periodic conditions on both sides of the electrodes are assumed to
include the effect of other electrodes and continuity of base for the interdigited
configuration. Voltages are applied at the bottom portion of the electrodes. Left
electrode is used to connect positive and right electrode as negative voltage. The
boundary conditions for the electrostatic problem are summarized in Table 3.3.
3.3

Heat transfer
Heat is generated from applied electric stimulation. The amount of

generated heat is modeled using equation 2.12 and 2.13. Here the power is
obtained from the electric current problem. Conduction heat transfer equation is
used to solve the heat problems of solid. Both conduction and convection
equations are used to solve heat flux in liquid. Table 3.4 gives the relevant input
data for the heat-transfer problem.
Table 3.4: Input data for the model
NAME
ρ
Cp
k

VALUE
1000kg/m3
4.184X103 J/(kg.K)
0.598W/(m.K)

DESCRIPTION
Density of the water
Heat capacity of water
Thermal conductivity of water
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Table 3.5: Boundary conditions for heat transfer
BOUNDARY
Left, Right Electrodes
Left, Right Cavity
Top
Bottom

CONDITION
Heat Sources
Periodic heat condition
Ambient temperature
Heat insulation

Domain 3 is assumed as liquid (conduction and convection) for heat
transfer. Other domains are assumed as solid. 273.15K is considered as the
initial ambient temperature. Thermal insulation is placed at the bottom part of
the model. The top is set as environment temperature. Periodic heat conditions
on both sides of the walls are assumed to include the effect of other electrodes
heat generation and the continuity of the base. Here electrodes are defined as
heat sources. The boundary conditions for heat transfer problem are summarized
in Table 3.5.
In general, the Navier-Stokes equations along with the convection and
conduction equation form a coupled system that we should solve simultaneously.
This model assumes an ambient temperature T = 0◦ C, and the electrodes are
held steady at this temperature. The flow rate is small, and we can therefore
assume that the temperature decreases symmetrically from bottom to top. The
magnitude of the temperature gradient at both boundaries is such that the fluid
reaches the ambient temperature from the boundary. At all other boundaries the
model assumes that the channel is insulated.
3.4

Modeling 1: SAW resonator
This setup mixes chitosan beads with water inside of SAW resonator

which has interdigited electrode on the base surface. To explain the physical
laws inside of the chip this model is developed. There are several physical laws
which are happening inside of the chip cavity. Those are already been discussed
in previous chapters. It is not possible to consider all physics that might be a
factor in this experiment. However, only three dominant physical laws are taken
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Fig. 3.1: 2D Model of the experiment.

in to consideration to explain the electric field, fluid flow and temperature rise
problems.
A two dimension model is used for this simulation. A cross section of the
electrode pair is taken for computational simplicity. The fluid chamber
dimension is 5µmX2.5µm. The width of the electrodes are 1.4µm. The gap
between two electrodes are 1.1µm. Here water, aluminum and quartz are
considered as solution, electrode and the base of the model. The Geometry of
this model is shown in the following Figure 3.1.
Two electrodes produce an AC electric field that heats the fluid and
creates the electro-thermal force. The model assumes that the electrodes are
perfect heat conductors and remain at a constant ambient temperature. An
applied electro-thermal force creates swirling fluid velocity inside the cavity. At
the top opening, the temperature gradually approaches the ambient. At all other
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Fig. 3.2: Electric potential profile of electrode with the fluid.

boundaries the model assumes that the channel is thermally and electrically
insulated.
3.5

Results
The finite element method simulation results are discussed in the

following sections.
3.5.1

Electric potential
Application of voltage at the bottom of SAW resonator electrode will

create a potential drop profile both on the electrode, fluid cavity and to the base.
The potential profile is shown in the following Figure 3.2. It can be observed
that the voltage is decreasing slowly if we move towards positive Y axis whereas
for the right electrode the voltage is −5V at the connection. It is increasing if we
move towards positive Y axis. The potential drop is different because of the
resistivity of the electrode and the fluid. Voltage drop is more in the fluid
because of high resistivity.
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Fig. 3.3: Electric field profile for SAW resonator.

3.5.2

Electric field
Application of electric potential will create an electric field. The electric

field flux will start at the positive potential electrode and ends to the negative
potential electrode. This is shown in Figure 3.3. Field fluxes are moving outside
from the model because of periodic conditions. This assumes that there are more
electrodes at the left and right side of the model geometry. It can be observed
that electric field is highest at electrode and other material interface. For these
locations voltage gradient is highest because of larger resistivity.
3.5.3

Electric force
Ac electrokinetic volume force will be created because of material

gradient properties with temperature. The source of this force is the electrical
energy supplied from the stimulus. The material properties are modeled as a
temperature dependent. So there will be inhomogeneous material characteristics.
This inhomogeneous characteristics will create dielectric and Coulombs force for
the fluid which is discussed in 2.8. This force is shown in figure 3.4.
Two cut points are taken at two sharp corners of same electrode to show
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Fig. 3.4: Electric force resulted from electric field.

the relationship of volume force with applied voltages. 6 and 7 are the right top
and bottom corner points of left electrode. A parametric sweep is done by
varying voltage from 0V to 25V with an increment of 5V. The volume force is
increasing nonlinearly with applied voltage to the electrodes. Figure 3.5 shows
the relationship between the volume force and the applied voltage.
Another parametric sweep is also done by varying frequency from 1Hz to
1MHz in 6 steps. It can be observed that frequency change has a minor effect
over volume force. Figure 3.6 shows the relationship between the volume force
and frequency.
3.5.4

Velocity of the fluid
The force created by the electric field will move the fluid inside the cavity.

Electric fields at the corner of the electrodes are high. This is shown in Figure
3.3. Maximum volume force is produced at the corners of the electrodes. But at
the middle of the electrode, force is lower. Volume force difference creates a
pressure gradient which causes a swirling pattern fluid flow inside of the cavity.
Figure 3.7 shows the swirling fluid velocity pattern. Here surface plot shows the
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Fig. 3.5: AC electrokinetic force for different electric potential

Fig. 3.6: AC electrokinetic force for different frequency excitation at Vrms = 20V
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Fig. 3.7: Velocity of the fluid due to electric force.

amplitude of the velocity and velocity field is shown by arrow surface. A swirling
pattern can be observed from the direction of arrow surface.
3.5.5

Pressure
We are applying electric force by applying electrical stimulus. Because of

the electric force there will be a pressure. This pressure is also highest where
force is maximum. Pressure on the system is shown in Figure 3.8.
3.5.6

Temperature and heat flux
We are applying electric energy at the electrode terminal. This will be

converted to heat energy and generate heat flux. There will be conductive heat
flux in the solid materials. This conductive heat flux is shown in Figure 3.9
Because of the velocity there will be convective heat flux in the fluid
which is shown in Figure 3.10.
The total heat flux with temperature is also been simulated. In Figure
3.11 temperature is shown using surface plot and total heat flux using arrow
surface plot.
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Fig. 3.8: Pressure contour of the model.

Fig. 3.9: Conductive heat flow in the electrodes.
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Fig. 3.10: Convective heat flow in the fluid.

Fig. 3.11: Temperature and total heat flow of the system.
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Fig. 3.12: Chitosan film with interdigited electrode modeling

3.6

Modeling 2: Electrode on chitosan film
Modeling of electrodes on chitosan film will use chitosan substrate instead

of quartz substrate that was used in previous modeling. Here only one pair of
electrodes are considered. The electrodes are fabricated using sputter coating
process. The dimension of the electrodes are considered to be 1016µm × 2µm for
simulation simplicity. The gaps between the electrodes are 0.2032mm. The
thickness of the chitosan film is 0.5mm. A 0.5mm chamber is considered as fluid
cavity for this model. Gold is considered as a material of the electrodes. Figure
3.12 shows the geometry of the model.
Electrical current, laminar flow and heat transfer physics are used to solve
electric potential, field, velocity, pressure, volume force, temperature and other
variables. The boundary conditions and other initial values are defined for finite
element analysis. Physics controlled mesh is created to solve the total system in
two study steps. In first step electric current problems are solved assuming
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Fig. 3.13: Electric potential profile of electrode with the chitosan and fluid.

stationary. These solutions are plugged in to second step to solve laminar flow
and heat transfer problems in time domain.
3.7

Results
The finite element method simulation results are discussed in the

following sections.
3.7.1

Electric potential
Application of voltage to the electrodes will produce potential both on

the electrode, chitosan and also to the fluid inside of the cavity. After simulation
the potential profile shown in the following Figure 3.13. It can be observed that
the voltage is decreasing slowly if we move towards positive Y axis whereas for
the right electrode the voltage is increasing if we move towards positive Y axis.
This different potential drop is because of the resistivity of the electrode,
chitosan and the fluid. Voltage drop is more in the fluid because of high
resistivity compared to the other materials.
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Fig. 3.14: Electric field distribution for chitosan model.

3.7.2

Electric field
Application of electric potential will create an electric field. This electric

field can be calculated using equation 2.10. The electric field will start at the
positive potential electrode and ends to a negative potential electrode which is
shown in Figure 3.14. Field fluxes are also moving outside from the model
because of the periodic conditions. This assumes that there are electrodes at the
left and right side of the model geometry.
It can be observed that electric field is maximum at the electrode and
other material interface. For these locations voltage gradient is maximum
because of higher resistivity. A zoomed image of the electric field is also shown
in Figure 3.15. It can be observed that there is no field inside of the electrode.
3.7.3

Electric force
Ac electrokinetic volume force will be created because of temperature

dependent the gradient behavior of the material. This force is from the electrical
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Fig. 3.15: Electric field with electric potential profile(zoomed).

energy supplied by stimulation. Here materials are modeled as a temperature
dependent. So there will be inhomogeneous temperature rise throughout the
model. This inhomogeneous characteristic will create volume force for the fluid
which is discussed in 2.8. This electric force is shown in Figure 3.16. The force is
maximum at the edge of electrode and fluid interface because of the high
gradient material property at those particular locations.
Two cut points are taken at two corners of an electrode to show the
relationship of applied voltage with volume force. The point 6 and 7 are the top
corner points at electrode-chitosan interface of left electrode. A parametric
sweep is done by varying the applied voltage from 0V to 25V with an increment
of 5V. The volume force is increasing nonlinearly with applied voltage to the
electrodes. Figure 3.17 shows the relationship between the volume force and
applied voltage.
Another parametric sweep is also done by varying frequency from 1Hz to
1MHz in 6 steps. It can be observed that frequency change has a minor effect
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Fig. 3.16: Electric force resulted from electric field.

Fig. 3.17: AC electrokinetic force for different electric potential
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Fig. 3.18: AC electrokinetic force for different frequency excitation at Vrms = 20V

over volume force. Figure 3.18 shows the relationship between the volume force
and frequency.
3.7.4

Velocity of the fluid
The force created by the electric field will move the fluid inside the cavity.

Electric fields at the corner of the electrodes are highest. This is shown in Figure
3.15. Maximum volume force is produced at the corners of the electrodes. But at
the middle of the electrode, force is lower. Volume force difference creates a
pressure gradient which causes a swirling pattern fluid flow inside of the cavity.
Figure 3.19 shows the swirling fluid velocity pattern. Here surface plot shows the
amplitude of the velocity and velocity field is shown by arrow surface. A swirling
pattern can be observed from the direction of arrow surface.
3.7.5

Pressure
We are applying force by electrical stimulation. Because of this

electro-thermal force there will be pressure. This pressure is maximum where the
force is maximum. Pressure on the system is shown in Figure 3.20.
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Fig. 3.19: Velocity of the fluid due to electrothermal force.

Fig. 3.20: Pressure contour of the model for a corner of one electrode.
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Fig. 3.21: Conductive heat flow in the electrodes for one electrode (zoomed).

3.7.6

Temperature and heat flux
We are applying electric energy to the metal electrode terminal. There

will be conductive heat flux in the solid materials. Conductive heat flux is shown
in Figure 3.21
Because of the velocity in the fluid there will be convective heat flux
which is shown in Figure 3.22.
The total heat flux with temperature is also simulated. In Figure 3.23
temperature is shown using contour diagram and total heat flux using arrow
surface plot.
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Fig. 3.22: Convective heat flow in the fluid with chitosan.

Fig. 3.23: Temperature and total heat flow of the system.
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Chapter 4
EXPERIMENTS
Different types of experiments were done for this work. Initially we had
started with a very small scale (with 10µL) experiment by using SAW resonator
to observe the possible drug release. Temperature profile was also measured to
show the possible temperature rise during the experiments. Then we have
fabricated printed circuit board interdigited electrode to do some experiments in
large scale with more fluid. In printed circuit board, two different type of
experiments were done to investigate dye release from chitosan DDS. We have
also designed mask for sputter coating on the chitosan film. Mask has been
fabricated successfully on the chitosan film for future work.
4.1

Experiment with SAW resonator
We have used a 433.92MHz surface acoustic resonator (R880, EPCOS

AG, Munich, Germany) to apply electric field to chitosan micro beads. These
chitosan micro beads are shown in Figure 4.1. The size of the chip is
5mm.5mm.45mm. The weight of SAW resonator is around 0.1g. A photograph
of the chip is shown in figure 4.2. The top cover of the chip is mechanically
removed to expose the interdigited electrode. It has a small cavity that can
contain 10µL of fluid with chitosan beads. There are interdigited electrodes
(width 1.4µm) with a gap of 1.1µm. The base of the electrodes is made of

Fig. 4.1: A photograph of chitosan micro beads.
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Fig. 4.2: A photograph of SAW resonator.

Fig. 4.3: A photograph of SAW resonator with top exposed.

quartz. Two wires are connected from two sides of the chip to the electrodes.
External connections were made by soldering two vertical pins of the chip. The
top exposed resonator is shown in the Figure 4.3.
The electrical stimulus experimental setup contains a signal generator
(DG4062, RIGOL, Ohio, USA), oscilloscope (TDS 1001B, Tektronix, Oregon,
USA), SAW resonator (R880, EPCOS AG, Munich, Germany) and a resistor
(1kΩ). Signal generator was used supply electrical stimulus to the set up. A
resistor is used to measure the current using Oscilloscope channel 1. Oscilloscope
channel 2 was used to measure the supplied voltage. Time information during
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Fig. 4.4: Electrical stimulus experiment circuit diagram

Fig. 4.5: Controlled (top) and stimulation (bottom) experiment protocol (15
minutes)

the experiment was measured using a stop watch (GOWalking, Sportline Inc.,
China). Figure 4.4 shows the circuit diagram of electrical stimulus experiment.
10V pp1kHz 10% duty cycle pulsed bipolar stimulation was applied to the
setup for 15 minutes. The protocol for controlled and stimulation experiments
are given in Figure 4.5.
4.1.1

Results
Controlled and electrical stimulus experiments were completed to

demonstrate the drug release. Applied voltage and current waveforms are given
in Figure 4.6. Left figure shows the voltage across the whole setup and right
figure is voltage across 1kΩ resistor. The value of current can be obtained by
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Fig. 4.6: Voltage (left) and current (right) waveform during stimulation

dividing the voltage by 1kΩ resistance. Results for the controlled experiment are
shown in Figure 4.7. Here controlled experiments were done for 2 hours to show
that there is no significant dye release without stimulation. After applying
electrical excitation the result is shown in figure 4.8. We can compare the
amount of dye release visually by comparing 15 minutes controlled and stimulus
experiment.
4.2

Temperature rise investigation
An experiment was conducted to demonstrate temperature rise using a

fibre optic thermometer (FOTEMP1-OEM, Optocon AG, Dresden, Germeny).
The temperature was measured by inserting a tiny optical fibre prob to the fluid
cavity of SAW resonator during stimulation. Electrical pulses were supplied from
an external signal generator (DG4062, RIGOL, Ohio, USA). Temperature was
recorded before and after application of pulsed electric field (PEF) in a data log
file to a computer through USB communication from the optical fibre
thermometer. The experiment set up is shown in following figure 4.9. Here the
SAW resonator is attached on a slide using tape. Two wires were connected to
supply necessary electrical excitation. Optical fiber thermometer probe was
attached using a clip holder so that it will always be at a fixed position. The tip
of the probe was carefully submerged to the resonator liquid.
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Fig. 4.7: Control experiment with chitosan beads in different time.

Fig. 4.8: Comparison of dye release before and after electrical excitation.

40

Fig. 4.9: Experimental setup of temperature measurement.

4.2.1

Results
150 seconds temperature data were recorded in the log file. A stop watch

(GOWalking, Sportline Inc., China) was also turned on to keep track of start
and stop excitation time. At the beginning of the experiment the ambient
temperature was 21.4◦ C. The excitation was started after 10 seconds. It took
some time to heat up the fluid. Continuous 60 seconds of excitation was applied
(10 seconds to 70 seconds). As a result of electrical excitation 1.4◦ C temperature
was increased. The temperature did not decrease instantly after turning off the
electrical pulses because of the heat capacity of water. It fell back to ambient
temperature after 30 seconds. The result of fluid temperature change during
stimulation is shown in Figure 4.10.
4.3

PCB electrodes experiment on chitosan beads
We have designed interdigited electrodes on printed circuit board with

different electrode width and gap to demonstrate the same idea in large scale.
Since there was a limitation of fabrication, we had chosen minimum gap between
the electrodes to be 0.1016mm. The minimum width of the electrode is also
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Fig. 4.10: Fluid temperature rise during the experiment

Table 4.1: Size of different electrodes on the PCB
NO.
1
2
3
4
5
6
7
8

ELECTRODE GAP(mm), WIDTH(mm)
0.1016
0.1524
0.1524
0.1524
0.1524
0.1524
0.1524
0.1524

LENGTH(mm) X WIDTH(mm)
7.11X6.096
12.14X9.91
17.32X9.91
22.35X9.91
27.38X10.06
32.56X9.91
40.18X9.91
52.68X9.91

AREA(mm2 )
43.34
120.31
171.64
221.49
275.44
322.67
398.18
522.06

0.1016mm. We have designed 8 different combinations of the electrodes. These
combinations have 2 different width and gap between the electrodes with
different lengths. PCB electrode information are summarized in Table 4.1. A
photograph of the fabricated PCB is also shown in Figure 4.11.
Two different types of experiments were conducted using interdigited
PCB electrodes. One of them was using chitosan beads and another one was by
putting interdigited electrodes on the chitosan film. For the chitosan bead
experiments a small drop of water was put on the PCB electrodes with beads to
do the control experiment. The circuit diagram for this experiments were same
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Fig. 4.11: A photograph of top and bottom side of the PCB electrodes with a US
quarter

as Figure 4.4. For the stimulus experiments a 10Vpp 1 kHz 10% duty cycle
bipolar pulse was applied from interdigited PCB electrode from a signal
generator. In this experiment only one type of electrodes were used. The surface
area of the electrode is 43.34mm2 . This electrode is shown in left top corner of
the second printed circuit board in Figure 4.11. Width and gap between the
electrodes are 0.1016mm.
4.3.1

Results
Four small chitosan micro beads were used to do the control and stimulus

experiments. Applied voltage and current waveforms are given in Figure 4.12.
Left figure shows the voltage across the whole setup and right figure is voltage
across 1kΩ resistor. The value of current can be obtained by dividing the voltage
by 1kΩ resistance. We can still visually identify the dye release. In these
experiments, the volume of fluid was 10 times than the previous SAW resonator
experiments. The number of micro beads was 5. It seemed that the amount of
dye release was less compared to SAW resonator experiments because of the
amount of fluid and dye ratio. Here the amplitude of the electric field was also
less because of the gap (0.1016mm) between the interdigited electrodes. The
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Fig. 4.12: Voltage (left) and current (right) waveform during stimulation using
PCB electrodes to chitosan beads

Fig. 4.13: A comparison of dye release on the PCB experiment, left (control
experiment) right (dye release after excitation)

comparison of the controlled and stimuli experimental results are shown in the
Figure 4.13.
4.4

Chitosan film preparation
A chitosan solution, 1% v/v Lactic Acid, 1% w/v chitosan (Chitopharm

S), approximately 13 drops per liter green food coloring, was added (100ml) to a
9 cm diameter glass petri dish. This chitosan solution in the petri dish was
allowed to dry non covered in normal laboratory conditions for 3-5 days
depositing a chitosan film contain green food coloring on the inside and bottom
of the petri dish. Approximately 100ml of a neutralizing solution, 80% v/v
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Fig. 4.14: Experimental setup: Chitosan Film Experiments

ethanol and 2% w/v sodium hydroxide, was added to the petri dish containing
the chitosan film to neutralize the film. The film was left to neutralize in the
neutralizing solution for 30 minutes. Then, the neutralizing solution was
removed and the wet, neutralized chitosan film in the petri dish was left to dry
uncovered in normal laboratory conditions for 2-3 hours. After preparing
chitosan film the green food dye is very stable. It does not come out from the
chitosan film even if we put some water on it.
4.5

PCB electrodes on chitosan film
In this experiment, neutralized loaded dye chitosan film was used to

demonstrate the drug release. In this case there were two different types of
experiments are done. Controlled and electrical stimulation experiments were
done. For controlled experiments 500µL water was used without any electrical
pulses. Both controlled and stimulus experiments were done for 15 minutes.
Experiment circuit diagram is shown in Figure 4.4. Different voltages and
frequency electrical pulses were applied to observe the dye release. Treated
solution was collected after each experiment. The setup of the experiment is
shown in Figure 4.14.
4.5.1

Results
Different amplitude, frequency bipolar pulses were applied to observe the

dye release after the excitation in terms of absorbance. This result is compared
with the controlled experiment for each set. For different amplitude and
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frequency stimulation the amount of dye release was different. This result is
verified from treated sample absorbance data of spectrophotometer (Synergy H1
microplate reader, BioTek instruments, Vermont, USA). The sample was
scanned over a wavelength range from 300nm to 700nm with an increment of
10nm. Green food dye was scanned over this wavelength range. Two peaks of
absorbance were observed at 400nm and 620nm. So it is more likely to see
absorbance peaks at those wavelengths if there is a dye release. Higher
absorbance indicates more dye release for particular excitation.
Applied voltage and current waveforms for 10Vpp stimulation are given in
Figure 4.15. Left figure shows the voltage across the whole setup and right figure
is voltage across 1kΩ resistor. The value of current can be obtained by dividing
the voltage by 1kΩ resistance.
A 500µL deionized water was used to do controlled experiments. The
experiment was conducted for 15 minutes. The time was measured using a
stopwatch. Solution was collected after the experiment in two small test tubes.
Then an excitation experiment was conducted with 5Vpp bipolar pulse signal
with a duty cycle of 1% and frequency 1kHz. 500µL deionized water was added
to do this experiment. The excitation time was exactly 15 minutes. After the
experiment, treated solution was collected in two small test tubes. This
experiment set was repeated twice for each type of electrical stimulation.
Controlled and stimulated samples were quantified using spectrophotometer
(Synergy H1 microplate reader, BioTek instruments, Vermont, USA). Results are
shown in Figure 4.16. Here 4 controlled (2 samples from each experiment) and
excitation results are shown. From the results it can be observed that at
wavelength 400nm and 620nm there is a high absorbance which indicates dye
release. The difference between controlled and pulsed sample absorbance is
relatively high.
Same experiment was conducted for different amplitude and frequency
electrical pulses. For different pulse parameters different petri dish was used to
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Fig. 4.15: Voltage (left) and current (right) waveform during stimulation using
PCB electrodes to chitosan film for 10Vpp

Fig. 4.16: Controlled and Electrical excitation using 5V 1kHz Pulses
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Fig. 4.17: Controlled and Electrical excitation using 10V 1kHz Pulses

do the experiment. The results for 10V 1kHz 1% duty cycle controlled and
excitation is shown in Figure 4.17. It can be observed that for higher amplitude
pulses, dye release (absorbance) is more because of higher electric field created
by 10V pulse.
Experiments were conducted in a different petri dish with 20V 1 kHz 1%
duty cycle pulse. The controlled and excitation experiment’s absorbance data are
shown in Figure 4.18. It can be observed that for higher electric field due to 20V
bipolar pulses, the absorbance value is more compared to low amplitude pulses.
To observe the effect of frequency, 20V 1 MHz bipolar pulses were also
applied. Because of the instrument limitation, 1.8% duty cycle was used instead
of 1% duty cycle. It can be observed that with higher frequency the absorbance
is not more than 20V 1kHz PEF absorbance. The electrokinetic force generated
from electrical energy is a function of both frequency and voltage shown in
Equation (2.3). This force increases with applied field but decreases with
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Fig. 4.18: Controlled and Electrical excitation using 20V 1kHz Pulses

frequency. This results are shown in Figure 4.19. For 20V 1MHz stimuli, the
absorbance values at 400nm and 620nm are lower than 20V 1kHz bipolar
electrical pulses.
These experimental results matches with simulation results shown in
Chapter 3.
Figure 4.20 briefly summarizes the mean absorbance data over a
wavelength range 330nm to 700nm. Here numbers (1 to 4) represent the results
from 4 different stimuli. It can be observed that with higher voltage absorbance
is more. The absorbance data for 400nm and 620nm wavelengths (Wl) are
summarized in Table 4.2 with mean, standard deviation (STD) for control (C1,
C2, C3, C4) and excitation (E1, E2, E3, E4) experiments. The stimuli (E1-E4)
used in the experiments are 5V 1kHz, 10V 1kHz, 20V 1kHz and 20V 1MHz.
Treated samples (S1, S2, S3, S4) were taken applying same amount of stimuli by
repeating each experiment twice for quantification.
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Fig. 4.19: Controlled and Electrical excitation using 20V 1MHz Pulses

Fig. 4.20: Mean absorbance for controlled and electrical excitation
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Table 4.2: Absorbance for control and excitation experiments
Exp,Wl(nm)
C1,400
C1,620
C2,400
C2,620
C3,400
C3,620
C4,400
C4,620
E1,400
E1,620
E2,400
E2,620
E3,400
E3,620
E4,400
E4,620

4.5.2

S1
0.068
0.047
0.056
0.045
0.145
0.059
0.048
0.039
0.239
0.113
1.00
0.554
2.25
0.873
0.825
0.562

S2
0.072
0.050
0.086
0.050
0.053
0.044
0.057
0.047
0.246
0.117
0.528
0.318
2.22
0.889
0.504
0.361

S3
0.067
0.055
0.053
0.043
0.058
0.048
0.057
0.048
0.147
0.081
1.07
0.607
2.28
0.757
1.35
0.851

S4
Mean
0.054 0.065
0.055 0.049
0.055 0.063
0.044 0.046
0.058 0.079
0.048 0.050
0.056 0.055
0.047 0.045
0.196 0.207
0.113 0.106
0.795 0.849
0.487 0.492
2.53
2.32
0.850 0.842
0.812 0.873
0.548 0.581

STD
0.008
0.005
0.016
0.003
0.044
0.006
0.004
0.004
0.046
0.017
0.245
0.126
0.141
0.590
0.351
0.202

Statistical analysis
t test is used to find the difference between two groups. We have assumed

that the absorbance data from these two groups are randomly distributed. To
continue with t test it is necessary for the sample data to have same variance.
But our sample data did not pass Analysis of variance (ANOVA) test. There are
different approaches to analyze this type unequal variance sample data. But we
have chosen welch’s t test for our purpose [80]. The equation to find critical t
values and degree of freedom (df) using welch’s t-test is given in Equations 4.1
and 4.2.
µ1 − µ2
t= q
2
σ1 2
+ σN22
N1
v≈

σ1 2
N1
σ1 4
N1 2 v1

σ2 2 2
)
N2
σ2 4
+ N2 2 v2

+

(4.1)

(4.2)

where µi , σi 2 and Ni are sample mean, sample variance and sample size.
vi = Ni − 1 is the degree of freedom associated with ith variance estimate.
Using two tail Welch’s t test, we have analyzed only 400nm and 620nm
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Table 4.3: Statistical analysis results
Excitation(Wl)
5V1kHz(400nm)
5V1kHz(620nm)
10V1kHz(400nm)
10V1kHz(620nm)
20V1kHz(400nm)
20V1kHz(620nm)
20V1MHz(400nm)
20V1MHz(620nm)

df
3.18
3.63
3.03
3
3.59
3.07
3
3

α
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.05

tcrit
5.84
5.84
5.84
5.84
5.84
5.84
3.18
3.18

t
Decision P value
6.12 Rejected
0.009
6.52 Rejected
0.007
6.42 Rejected
0.008
7.10 Rejected
0.006
30.3 Rejected 7.89X10−5
26.7 Rejected 1.15X10−4
4.67 Rejected
0.019
5.29 Rejected
0.013

wavelengths control and stimulus absorbance data. A null hypothesis is assumed
as there no effect of excitation on dye release.
H0 : µ0 = µ1
For 5V 1kHz, 10V 1kHz and 20V 1kHz stimulations null hypothesis is
rejected with 99% level of significance. Null hypothesis is also rejected for 20V
1MHz stimulation with 95% level of significance. The complete statistical
analysis is summarized in Table 4.3 with P values.
4.6

Sputtering mask design
COMSOL Multiphysics geometry computer aided design tool is used to

design interdigited sputtering mask. First the mask was designed to fabricate in
one step shown in Figure 4.21. This type of design doesn’t have enough metal
support at two sides. So the mask was breaking down during the laser cutting.
A photograph is shown in Figure 4.22. For realistic fabrication purposes, we
have separated the mask design in two parts. One of them is only the intedigited
fingers mask. The other one is for connection. Two different designs were tried
for finger mask. One of them has a width of the 0.05mm(1.96mils) and the gap
between the electrodes are 0.15mm(5.9mils). A photograph of this mask is
shown in the Figure (left) 4.23. A different electrode width and gap between the
electrodes are also designed for finger mask. Here the width of the electrodes are
0.1016mm(4mils) and gap 0.2032mm(8mils). A photograph of this mask is
shown in Figure (right) 4.23. The connector is designed in a way so that there
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Fig. 4.21: Initial mask design (scale in mils)

Fig. 4.22: Breaking down of the mask during laser cutting
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Fig. 4.23: Finger mask1 (left) and Finger mask2 (right) design using COMSOL
Multiphysics CAD tool

Fig. 4.24: Mask design part 2(scale in mils)

Fig. 4.25: Finger(left) and connector (right) mask after fabrication
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will be 1.5mm overlap with the connection and the interdigited fingers. The
width of the connector is 2mm(78.74mils). A photograph of the connector mask
is shown in the figure 4.24. The total width and the height of the masks are
20mmX15mm(787.4milsX590.5mils).
The design was sent to A-Laser (Milpitas, CA, USA) for fabrication. A
photograph of finger and connector mask are shown in Figure 4.25.
4.7

Electrode fabrication
We have fabricated interdigited electrodes on the chitosan film and glass

petri dish using EMS 7620 (Electron Microscopy Sciences, Hatfield, PA) sputter
coater machine. Different target and ambient conditions were set before starting
the process. Petri dish was attached using a stud to place the sample on the
machine chamber. A mask was attached using scotch tape on the petri dish
sample surface. After placing the sample inside, glass chamber had been closed.
The chamber was been vacuumed by maintaining a constant pressure. Inert gas
(Argon) was supplied to the chamber. After ambient preparation sputtering
process was started by pressing start button. Electrons were bombarded on the
cathode target (Au/Pd). The target material was Gold/Palladium (60:40). A
10nm thickness of material was coated on the petri dish surface. This fabrication
was done in two steps. First finger electrodes were coated. Connectors were
coated after precise mask placement on the coated fingers. A 20nm thick Au/Pd
was coated on the chitosan film surface. Figure 4.26 shows the interdigited
electrode on petri dish and chitosan film. Here the electrode width and the gap
between the electrodes are 0.1016mm(4mils) and 0.2032mm(8mils). We have
also taken SEM image to confirm the continuity of the interdigited electrode
fingers visually. Figure 4.27 shows the interdigited electrode fingers on the
chitosan film.
During the controlled experiment with deionized water, electrode traces
were flushing away because of the oily layer on the chitosan film surface. This
needs to be investigated further during the chitosan film fabrication process. We
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Fig. 4.26: Interdigited electrode (10nm thick) on petri dish (left) and electrode
(20nm thick) on chitosan film (right). Total mask length and width are
20mm × 15mm. The length of the electrodes are 11.5mm

Fig. 4.27: SEM image of interdigited electrodes on chitosan film after sputter
coating process
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were able to connect wire to the interdigited electrode on petri dish surface using
silver epoxy adhesive.
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Chapter 5
CONCLUSION
This investigation shows that the electrical pulses have strong interactions
with chitosan micro-beads and films for controlled drug release. It has both
simulation and experimental results to demonstrate the mechanism of drug
release using pulse electric field (PEF). To explain the drug release mechanism,
we have developed two finite element models. One is for SAW resonator and
another one is for chitosan film. Three physical laws have been used to model
the complete system. Electric field, current, total power dissipation and other
variables have been solved using electric current physics. Laminar flow physics is
used to solve the velocity and pressure profile of the fluid inside of the fluid
cavity. A swirling velocity pattern is observed from simulation results. Volume
force is modeled as a function of applied voltage and frequency. This force is a
combination of Coloumb’s and dielectric force. It is found in simulations that
volume force increases with applied electrical potential. Frequency sweep is
studied to explain the frequency dependency on AC electrokinetic force.
Stimulus with different frequency has shown minor changes in volume force.
Time dependent temperature is simulated to observe the temperature rise during
the stimulation. Results have shown negligible temperature rise (5.9 × 10−9 K for
SAW resonator and 5.6 × 10−10 K for chitosan film) which is very important for
implanted DDS.
Initial experiments were done using SAW resonator to apply electrical
stimulus. SAW resonator has an advantage of very small gap between
interdigited electrodes to apply large electric field. We have observed visually
that this type of stimulus can release dye from chitosan micro beads. These
experiments were done using a very small amount of deionized water (10µL). To
increase the volume of the experiment, interdigited PCB electrodes were used.
These results were also concluded with successful dye release.
Chitosan film was fabricated on the petri dish to demonstrate the drug
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release from film. Structural change in chitosan film is noticed in microscopic
images after applying pulsed electric field (PEF). For quantification purposes,
chitosan film with loaded food coloring was fabricated. Different amplitude and
frequency PEF was applied to quantify dye in terms of absorbance using
spectrophotometer. It is found that dye release has increased in terms of
absorbance (from 0.142 to 2.24) with the amplitude of the applied voltage. With
higher frequency stimulus, dye release has decreased in terms of absorbance
(0.818) which is explained in simulation results. Statistical analysis is also done
to show the difference between the control and stimulus groups in terms of mean
absorbance. It is verified with 99% level of significance that there is an effect of
dye release upon application of electrical stimulation.
For future work purposes, sputtering mask is designed to fabricate
Gold-Paladium (Au-Pd) interdigited electrode on the chitosan film. These
electrodes are successfully fabricated on the film using a sputtering machine.
This step will be pursued as a future research direction to allow for implanted
drug carrier subcutaneously inside of human/animal skin. The biodegradable
implant will require only one surgery since the carrier will be designed to
degrade over time. Stimuli can be provided electrostatically by placing a patch
on top of the skin implant or using electromagnetic pulses for transcutaneous
energy transfer (TET).
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Appendix A
SAW RESONATOR MODEL
A.1

Parameters

A.2

Variables

A.3

Geometry

A.3.1

Fluid chamber

A.3.2

Electrode1

A.3.3

Electrode2

A.3.4

Base

A.4

Material

A.4.1

Water (Liquid)

A.4.2

Aluminum (Solid)

A.4.3

Quartz (Solid)

A.5

Boundary conditions

A.5.1

Electric current (ec)

A.5.2

Heat transfer (ht)

A.5.3

Laminar flow (spf )

A.6

Mesh

Table A.1: User defined properties of material
Name
epsilon0
epsilonr f
epsilon f
kf
rho f
Cp f
eta f
sigma f
tau
omega
V rms
T amb
gamma f
epsilonr s
gamma s
sigma s

Expression
8.854188e-12[F/m]
80.2
epsilonr f*epsilon0
0.598[W/(m*K)]
1000[kg/m3 ]
4.184[kJ/(kg*K)]
1.08e-3[Pa*s]
5.75e-2[S/m]
epsilon f/sigma f
2*pi[rad]*1e3[Hz]
5[V]
0[degC]
1.33
1
1
3.774e7[S/m]

Description
Permittivity of free space
Relative permittivity, fluid
Permittivity, fluid
Thermal conductivity, fluid
Density, fluid
Heat capacity, fluid
Dynamic viscosity, fluid
Electric conductivity, fluid
Charge relaxation time, fluid
Angular frequency, AC electric field
Electric potential, RMS value
Ambient temperature
ratio of specific heat of the fluid
relative permittivity of AL
ration of specific heats of AL
conductivity of aluminum
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Table A.2: User defined variables
Name
tmp1
tmp2
Fx et
Fy et
ht flx

Expression
(Tx*ec.Ex + Ty*ec.Ey)/(1 + omega ∗ tau2 )
ec.normE 2
-0.5*epsilon f*(0.016[1/K]*tmp1*ec.Ex - 0.5*0.004[1/K]*tmp2*Tx)
-0.5*epsilon f*(0.016[1/K]*tmp1*ec.Ey - 0.5*0.004[1/K]*tmp2*Ty)
-k f*(T - T amb)/1[mm]

Table A.3: Fluid Chamber
Name
Position
Base
Width
Height
Size

Value
0, 1.25e-6
Center
5E-6
2.5E-6
5E-6, 2.5E-6

Name
Position
Base
Width
Height
Size

Value
-1.25e-6, 1e-7
Center
1.4e-6
2e-7
1.4e-6, 2e-7

Name
Position
Base
Width
Height
Size

Value
1.25e-6, 1e-7
Center
1.4e-6
2e-7
1.4e-6, 2e-7

Table A.4: Left electrode

Table A.5: Right electrode

Table A.6: Base of the structure
Name
Position
Base
Width
Height
Size

Value
0, -1e-7
Center
5e-6
2e-7
5e-6, 2e-7

Table A.7: Material parameter (Water)
Name
Ratio of specific heats
Electrical conductivity
Heat capacity at constant pressure
Density
Thermal conductivity
Relative permittivity

Value
1.0
sigma f
Cp(T[1K])[J/(kg*K)]
rho(T[1/K])[kg/m3 ]
k(T[1/K])[W/(m*K)]
epsilonr f
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Unit
1
S/m
J/(kg*K)
kg/m3
W/(m*K)
1

Fig. A.1: Water (left), Aluminum (right) and Quartz (bottom) selection

Table A.8: Material parameter (Aluminum)
Name
Heat capacity at constant pressure
Thermal conductivity
Electrical conductivity
Relative permittivity
Density

Value
900[J/(kg*K)]
160[W/(m*K)]
3.774e7[S/m]
epsilonr s
2700[kg/m3 ]

Unit
J/(kg*K)
W/(m*K)
S/m
1
kg/m3

Value
1e-14[S/m]
4.2
2200[kg/m3 ]
1.1[W/(m*K)]
480[J/(kg*K)]

Unit
S/m
1
kg/m3
W/(m*K)
J/(kg*K)

Table A.9: Material parameter (Quartz)
Name
Electrical conductivity
Relative permittivity
Density
Thermal conductivity
Heat capacity at constant pressure
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Fig. A.2: Electric insulations

Fig. A.3: Periodic condition 1 and 2 for electric current physics (Vsrc = Vdst )

Fig. A.4: Electric potential 1 (V = V rms)and 2 (V = -V rms) for electric
current physics

69

Fig. A.5: Heat transfer in solid 1(left), solid 2((right) and fluid(bottom) selection

Fig. A.6: Heat insulation (left) and temperature boundary (T = T amb)
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Fig. A.7: Periodic condition 1 (left) and 2 for heat transfer physics (T = T0 )

Fig. A.8: Heat source selection
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Fig. A.9: Inlet (left) and Outlet (right) selection (normal velocity)

Fig. A.10: Wall selection (u = 0)

Fig. A.11: Physics controlled mesh generation (Finer)
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Appendix B
CHITOSAN FILM MODEL
B.1

Parameters

B.2

Variables

B.3

Geometry

B.3.1

Fluid chamber

B.3.2

Electrode1

B.3.3

Electrode2

B.3.4

Base

B.4

Material

B.4.1

Water (Liquid)

B.4.2

Gold (Solid)

B.4.3

Chitosan (Solid)

B.5

Boundary conditions

B.5.1

Electric current (ec)

B.5.2

Heat transfer (ht)

B.5.3

Laminar flow (spf )

B.6

Mesh

Table B.1: User defined Properties of material
Name
epsilon0
epsilonr f
epsilon f
kf
rho f
Cp f
eta f
sigma f
tau
omega
V rms
T amb
gamma f
epsilonr s
sigma chit

Expression
8.854188e-12[F/m]
80.2
epsilonr f*epsilon0
0.598[W/(m*K)]
1000[kg/m3 ]
4.184[kJ/(kg*K)]
1.08e-3[Pa*s]
5.75e-2[S/m]
epsilon f/sigma f
2*pi[rad]*1e3[Hz]
5[V]
0[degC]
1.33
1
5.2e-18

Description
Permittivity of free space
Relative permittivity, fluid
Permittivity, fluid
Thermal conductivity, fluid
Density, fluid
Heat capacity, fluid
Dynamic viscosity, fluid
Electric conductivity, fluid
Charge relaxation time, fluid
Angular frequency, AC electric field
Electric potential, RMS value
Ambient temperature
ratio of specific heat of the fluid
relative permittivity of Gold
Conductivity of Chitosan
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Table B.2: User defined variables
Name
tmp1
tmp2
Fx et
Fy et
ht flx

Expression
(Tx*ec.Ex + Ty*ec.Ey)/(1 + omega ∗ tau2 )
ec.normE 2
-0.5*epsilon f*(0.016[1/K]*tmp1*ec.Ex - 0.5*0.004[1/K]*tmp2*Tx)
-0.5*epsilon f*(0.016[1/K]*tmp1*ec.Ey - 0.5*0.004[1/K]*tmp2*Ty)
-k f*(T - T amb)/1[mm]

Table B.3: Fluid Chamber
Name
Position
Width
Height
Size

Value
0, 0.5[mm]
24[mil]
0.5[mm]
24[mil], 0.5[mm]

Name
Position
Width
Height
Size

Value
4[mil], 0.5[mm]
4[mil]
2000[nm]
4[mil], 2000[nm]

Name
Position
Width
Height
Size

Value
16[mil], 0.5[mm]
4[mil]
2000[nm]
4[mil], 2000[nm]

Table B.4: Left electrode

Table B.5: Right electrode

Table B.6: Base of the structure
Name
Position
Width
Height
Size

Value
0, 0
24[mil]
0.5[mm]
24[mil], 0.5[mm]

Table B.7: Material parameter (Water)
Name
Ratio of specific heats
Electrical conductivity
Heat capacity at constant pressure
Density
Thermal conductivity
Relative permittivity

Value
1.0
sigma f
Cp(T[1K])[J/(kg*K)]
rho(T[1/K])[kg/m3 ]
k(T[1/K])[W/(m*K)]
epsilonr f
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Unit
1
S/m
J/(kg*K)
kg/m3
W/(m*K)
1

Fig. B.1: Water (left), Gold (right) and Chitosan (bottom) selection

Table B.8: Material parameter (Gold)
Name
Thermal conductivity
Heat capacity at constant pressure
Electrical conductivity
Density
Relative permittivity

Value
k solid 1(T[1/K])[W/(m*K)]
C solid 1(T[1/K])[J/(kg*K)]
sigma solid 1
rho(T[1/K])[kg/m3 ]
epsilonr s

Unit
W/(m*K)
J/(kg*K)
(T[1/K])[S/m] S/m
kg/m3
1

Table B.9: Material parameter (Chitosan)
Name
Density
Relative permittivity
Heat capacity at constant pressure
Thermal conductivity
Electrical conductivity
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Value
936.53
2.96
34.4
0.5
sigma chit

Unit
kg/m3
1
J/(kg*K)
W/(m*K)
S/m

Fig. B.2: Electric insulations

Fig. B.3: Periodic condition 1 and 2 for electric current physics (Vsrc = Vdst )

Fig. B.4: Electric potential 1 (V = V rms)and 2 (V = -V rms) for electric
current physics
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Fig. B.5: Heat transfer in solid 1(left), solid 2((right) and fluid(bottom) selection

Fig. B.6: Heat insulation (left) and temperature boundary (T = T amb)
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Fig. B.7: Periodic condition 1 (left) and 2 for heat transfer physics (T = T0 )

Fig. B.8: Heat source selection
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Fig. B.9: Inlet (left) and Outlet (right) selection (normal velocity)

Fig. B.10: Wall selection (u = 0)

Fig. B.11: Physics controlled mesh generation (extra fine)
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